SUMMARY
SDS-polyacrylamide gel electrophoresis of outer membrane (OM) proteins of different mucoid strains of P. aeruginosa revealed a protein of about 54 kDa that was absent in nonmucoid strains. This 54 kDa protein was expressed under iron-restricted and ironsufficient growth conditions. Electrophoretic mobifity of the 54 kDa protein was modified by the solubilization temperature as well as by the addition of iipopolysaccharide and alginate prior to electrophoresis. Treatment of OMs with octyiglucoside/KC! or SDS completely extracted the 54 kDa protein at low temperatures. The possible role of this protein in biosynthesis and/or excretion of bacterial alginate is discussed.
INTRODUCTION
In contrast to typically nonmucoid wild-type strains of Pseudomonas aeruginosa, clinical isolates of this species from sputa of chronically colonized cystic fibrosis (CF) patients predominantly occur in a mucoid form [1l. The mucoid phenotype results from the production of an alginate-like exopolysaccharide consisting of 1, 4-1in-ked residues of fl-D-mannuronate and its C-5 epimer a-L-guluronate [2] . Homopolymeric blocks of mannuronate residues alternate with sequences of randomly distributed residues of mannuronate and guluronate [3l. Mannuronate is partially Oacetylated [3] . The participation of phosphomannose isomerase, phosphomannomutase, GDPmannose pyrophosphorylase and GDP-mannose dehydrogenase in the first steps of alginate biosynthesis has recently been established by biochemical and genetic methods [4] [5] [6] [7] [8] . However, little information is available concerning the final steps in the pathway of alginate biosynthesis (polymerization, O-acetylation and epimerization) as well as the mechanism of excretion of aiginate from the cell envelope of P. aeruginosa, in the present report we describe a novel protein of about 54 kDa in the outer membrane (OM) of mucoid strains of P. aeruginosa from different sources which is absent from nonmucoid strains.
MATERIALS AND METHODS

Bacterial strains and growth conditions
The [9] at 37 °C for 22 h or on Pseudomonas agar P (PAP; Difco) at 37°C overnight.
For iron-deficient conditions bacteria were grown either in the presence of the iron-chelator ethylenediamine-di (o-hydroxyphenyi) acetic acid) (EDDA; final cone. 250 laM) or in YPM pretreated with Chelex 100 ion exchange resin [11] , For iron-sufficient conditions FeC! 3 was added to YPM (final con. 90/iM).
Preparation of OMs
OMs were routinely isolated by treatment of sonicated cells with 0.7% (w/v) sarkosyl (sodium N-lauroyl sarcosinate; Sigma) for 20 rain at ~vom temperature [12] or from c~ll envelopes pre-treated with 1 mM MgCI 2 and incubated in 2% (w/v) Triton X-100 (Serva) for .1.0 rain at room temperature [12] . Detergent-extracted OMs were, collected by centrifugation at 40000 × g for 60 rain, washing once in distilled water and resuspended in water. OMs were also obtained by sucrose density gradient centrifugation of extracts from sonicated cells [13] .
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was carried out by the method of Laemmli and Favre [14] using slab gels of 17.7% acrylamide/0.15~ bis(acrylamide), pH 8.8, for the running gel and 1.9~ acrylamide/0.5~ bis (acrylamide) pH 6.8, for the stacking gel. Protein samples were routinely treated for 10 min at 90°C in sample buffer (2%(w/v) SDS, 5~ iv/v) ~8-mercaptoethanol, 10~ iv/v) glycerol, 0.001~ bromophenol blue, 0.0625 M Tris, pH 6.8) prior to electrophoresis. Proteins were stained with Coomassie brilliant blue R-250.
Extraction of proteins from OMs
Extraction of OM proteins was carried out with 2% (w/v) SDS for 30 min at different temperatures [15] and with different concentratiom (0.1-1%(w/v)) of. octyl-~-D-ghicoside (Sigma) and 3-[( 3-cholamidopropyl)-dimethylammoniol-1 -propanesulfonate (CHAPS; Sigma) in the absence and presence of 0.15 M KCI for 60 min at 4°C [161.
Polysaccharides
Lipopolysaccaride (LPS) from P. aeruginosa CF3/MI was purified by the technique of Darveau and Hancock [17] . Sodium alginate (Manucol LB) was obtained from Kelco/AIL International Ltd., Hamburg, F.R.G,, or by isolation from mucoid strain CF3/MI [9] .
Esterase activity assay
Esterase activity of whole bacterial cells and or purified OMs was determined at 37°C with palmitoyi-CoA as substrate [19] ,
4, RESULTS AND DISCUSSION
The OM proteins of ten clinical mucoid strains of P. aeruginosa (eight CF isolates from sputum and two non-CF urinary tract isolates) were examined by SDS-PAGE. In all cases an OM protein of about 54 kDa was observed which was not present or only barely visible in OMs of nonmucoid revertant strains ( Fig. 1 shows representative strain pairs). The protein was also present in the OMs of independent mucoid mutants derived in vitro from various nonmucoid P. aeruginosa strains (Fig. 1) . The 54 kDa protein was expressed whether the mucoid strains were grown in liquid culture (YPM) or on solid medium (PAP). It was not inducible by alginate because growth of nonmucoid wild-type bacteria in the presence of exogenous alginate (2 mg Manucol LB/ml) did not cause its appearance in OMs. The 54 kDa protein was detected in gels independently of the method applied to isolate the OMs i.e, by differer.:ial detergent sohibilization [12] or by sucrose density gradient centrifugation [13] .
The 54 kDa prote!n was detected in gels independently of the LPS chemotype of the respective mucoid strain, Both smooth and rough strains of mucoid P. aeruginosa, with different LPS chel~t-otypes as determined by SDS-PAGE all produced the 54 kDa protein (unpublished observation).
The 54 kDa protein was not iron-repressible in contrast to a number of other high-molecularweight OM proteins of P. aeruginosa which appear only during bacterial growth in iron-restricted media [11] .
Nonmucoid bacteria did not express the 54 kDa protein in media with either high or low iron-content, excluding the possibility that expression of the 54 kDa protein in mucoid bacteria was induced by lowered concentration of free iron due to binding of iron to alginate [20] .
Preliminary characterization of the 54 kDa protein was carried out using the mucoid strain P. aeruginosa CF3/M1, since it strongly expressed this protein. The typical running position of the 54 kDa protein on gel electropboresis was obtained when OMs were incubated in 2% (w/v) SDS containing 5% (v/v) 2-mercaptoethanol at temperatures higher than 50°C prior to electrophoresis (Fig. 2, lane a) . Below this temperature the banding position of the protein could not be identified. Shifting electrophoretic mobility by changing the temperature of solubilization ('heat modification') has also been shown for OM proteins DI, D2, F, G and H1 of P. aeruginosa [13] . Electrophoretic mobility of the 54 kDa protein and some other OM proteins was also altered when purified LPS from strain CF3/M1 was added to SDSmercaptoethanol-treated OMs prior to electrophoresis (Fig. 2, lane b) . The same was observed when LPS was replaced by bacterial or algal alginate (Fig. 2, lane c) indicating a possible association between the 54 kDa protein and LPS and/or alginate. The OM proteins D1, G and HI display a similar behaviour in the presence of LPS [13] . The 54 kDa protein could be completely extracted from OMs with the non-ionic detergent octyl-glucoside (Fig. 2 , lane e and 0 when following recommendations of Hjelmeland and Chrambach [16] . This non-denaturing detergent was used to protect possible enzymatic activities of the 54 kDa protein and because of its good properties for further purification of this protein. The detergentto-protein mass ratio was approx. 15 : 1. The extraction with octyl-glucoside was successful only in the presence of a high salt concentration (0.15 M KCI) suggesting that interactions of the 54 kDa protein with other OM components are probably polar as well as nonpolar in nature.
It is unlikely that the 54 kDa protein is peptidoglycan-associated because treatment of OMS with 2~ (w/v) SDS at 30 °C followed by centrifugation (60 rain at 165000 × g) removed the protein along with various other OM proteins (Fig. 2,  lane d) . Other OM proteins such as protein F (39 kDa), H2 920.5 kDa) and I (9-12 kDa), which have been described as peptidoglycan-associated on the basis of similar studies [21] remained insoluble under these conditions.
The 54 kDa protein is not identical with the OM-esterase of about 55 kDa described by Ohkawa et al. [19] since both whole cells and purified OMs of mucoid strains and their non. mucoid revertants did not show any significant differences in esterase activity (data not shown). The 54 kDa protein is not identical with flagellin (approx. 54-55 kDa) which has been detected in OM preparations of P. aeruginosa [22] . Whilst the nonflagellated mncoid strains PA 7563 and A produce the 54 kDa protein, the nonflageilated nonmucoid revertants PA 7563R and AR do not ( Fig. 1. and 3) . Motility plate assays and electron a b microscopy 9data not shown) confirmed the lack of flagella in strains A, AR, PA 7563 and PA 7563R but flagellation of all the other assayed strains. The present study indicates that the 54 kDa OM protein is characteristic of mucoid strains of P. aeruginosa. A similar finding had been reported in Escherichia coil, where encapsulated strains produced an additional outer membrane protein (protein K) that was absent in nonencapsulated strains [23] . This protein has been identified as a porin [24, 25] . Results from genetic s:udies published recently may be relevant to the function of the 54 kDa protein: (i) In mucoid P. aeruginosa strain FRD1 an envelope protein of about 58 kDa was observed, which was absent in nonmucoid revertants obtained both spontaneously and by transposon mutagenesis [26] . This protein which is encoded by algB or another alg gene under the control of algB, appears to be required for efficient production of alginate.
(ii) The alginate biosynthetic gene cluster (region ii) of P. aeruginosa has been shown to contain a gene coding for a protein of approx. 54 kDa which has not been characterized any further [27] . The function of the 54 kDa protein of mucoid P. aeruginosa reported in this paper is a yet unknown. It may, however, play a role in the final steps of biosynthesis and/or excretion of alginate or alternatively have a secondary function as for example as an alginate pore.
